INTRODUCTION
RING (really interesting new gene) domain ubiquitin ligases promote the transfer of ubiquitin from ubiquitin-conjugating enzymes (E2s) to lysine residues in target proteins [1] . Many RING E3 ligases also physically recruit substrate proteins through a distinct substrate-recognition motif, and this interaction confers substrate specificity. By simultaneously recruiting both the substrate and an E2∼ubiquitin conjugate, RING domaincontaining proteins are thought to act as scaffolds that promote the direct transfer of ubiquitin from the E2-conjugating enzyme to the substrate. This mechanism is distinct from that used by the HECT (homologous with the E6-AP C-terminus) domain E3 ligases, which form a covalent thioester intermediate with ubiquitin, and directly catalyse substrate ubiquitylation [2] . RNF4 (RING finger protein 4) is a RING E3 ligase that brings about the ubiquitylation of proteins that have been modified by addition of the ubiquitin-like protein SUMO (small ubiquitin-like modifier) [3] [4] [5] [6] . RNF4 is distinguished from other RING E3 ligases by the presence of a tandem array of four SIMs (SUMO-interaction motifs) near the N-terminus. SIMs are known to form a β-strand that selectively interacts with SUMO [6, 7] . This interaction allows RNF4 to select substrate proteins that are then targeted for ubiquitylation by the C-terminal RING domain. RNF4 is the functional fusion of the fission yeast proteins Rfp1/2 and Slx8 (Slx5/Hex3 in budding yeast) and together these proteins comprise the STUbL (SUMOtargeted ubiquitin ligase) family [4, 5, 8] . In yeast, this family of proteins has a critical role in maintaining genome stability, gene silencing and protein quality control [9] [10] [11] . In human cells, the STUbL activity of RNF4 mediates the arsenic trioxideinduced degradation of PML (promyelocytic leukaemia protein) and contributes to the therapeutic effect of arsenic trioxide in treating acute promyelocytic leukaemia [12, 13] .
To understand the mechanism by which RNF4 promotes the ubiquitylation of substrate proteins, in the present study we solved the structure of the RING domain and undertook biochemical studies to investigate the features that are important for activity. By utilizing a number of mutant proteins and a stable UbcH5b∼ubiquitin oxyester conjugate we show that RING dimerization destabilizes the oxyester bond so that catalysis is favoured. E2 recruitment is also required for activity, although binding of the E2 to the RING domain does not correlate with E3-ligase activity. Our complementation studies in yeast indicate that dimerization is functionally important and, taken together, these results suggest that RING dimerization is a critical activating event that is required for ubiquitin transfer.
EXPERIMENTAL Protein expression and purification
Mouse RNF4 proteins (Swiss-Prot Q9QZS2) were overexpressed in Escherichia coli (BL21) cells at 18
• C overnight following addition of 0.1 mM IPTG (isopropyl β-D-thiogalactopyranoside). Cells were recovered and then lysed by sonication in 1 × PBS (pH 7.4) containing 0.2 % Tween 20, 1 mM DTT (dithiothreitol) and general protease inhibitors. Proteins were purified using glutathione-affinity chromatography and the GST (glutathione transferase) tag was removed using 3C protease (GE Healthcare). Proteins were then purified by size-exclusion chromatography using either a Superdex S75 or S200 column (GE Healthcare).
Diffraction data were collected at beamline PX-2 at the Australian Synchrotron. Three datasets were collected around the zinc κ absorption edge, and the structure was solved using the multiple wavelength anomalous dispersion method (see Supplementary methods at http://www.BiochemJ.org/bj/431/bj4310023add.htm for details).
GST-pull-down, auto-ubiquitylation and discharge assays
To measure E3-ligase activity, reactions that contained 20 μM untagged ubiquitin, 5 μM UbcH5b, 50 nM E1 and ∼ 20 μM RNF4 proteins, were incubated for 1.5 h at 37
• C in 20 mM Tris/HCl (pH 7.5), 50 mM NaCl, 5 mM ATP, 2 mM MgCl 2 and 2 mM DTT. Reactions were stopped by the addition of 2 × SDS/PAGE buffer and samples were resolved by SDS/PAGE (14.5 % gels) and detected by staining with Coomassie Blue.
For discharge assays, UbcH5b with a cysteine-to-serine mutation at the active site (C85S) was charged with ubiquitin in the presence of E1, ATP, creatine phosphate and phosphocreatine. Ubiquitin-charged C85S-UbcH5b (referred to as the UbcH5b∼Ub conjugate) was purified by size-exclusion chromatography. To measure ubiquitin discharge, reactions containing ∼ 10 μM UbcH5b∼Ub and ∼ 10 μM RNF4 proteins were incubated at 37
• C in 60 mM Mes (pH 6.5). At the indicated time points, reactions were stopped by the addition of 2 × SDS/PAGE buffer and samples were resolved by SDS/PAGE (16 % gels) and detected by staining with Coomassie Blue.
To evaluate the ability of the RNF4 proteins to bind to the UbcH5b∼Ub conjugate we utilized GST-RING fusion proteins. Immobilized GST-RING proteins were incubated with UbcH5b∼Ub conjugate in 1 × PBS (pH 7.4) with 0.2 % Triton X-100 for 1 h at 4
• C, then washed twice with the same buffer. Following the addition of 2 × SDS/PAGE buffer and after separation by SDS/PAGE (14.5 % gels), proteins were detected by staining with Coomassie Blue.
Yeast growth assay and plasmid shuffle
The growth and transformation of fission yeast Schizosaccharomyces pombe is based on a method described by Forsburg and Rhind [14] . Full-length mouse RNF4 and its mutant forms were expressed in S. pombe using an nmt1 promoter-based vector pSGP73 [15] . To carry out plasmid shuffling, the RNF4 expression plasmids were transformed into a parental strain HSY443 ( rfp1::his3 + rfp2::kanMX pSLF173-Rfp2-ura4 + ). Transformants were grown for 24 h in EMM (Edinburgh minimal medium) containing uracil to allow the spontaneous loss of the pSLF173-Rfp2-ura4 + plasmid. The culture was then spotted in a serial dilution on to EMM plates containing 5-FOA (5-fluoroorotic acid) to eliminate cells still containing the Rfp2-ura4 + plasmid. HU (hydroxyurea) (5 mM) was used to generate additional genotoxic stress in Δrfp1Δrfp2 cells that is relieved by expressing wild-type Rfp1, Rfp2 or RNF4. All assays were conducted in the presence of thiamine so that the nmt1 promoter activity was kept to a minimum.
STUbL activity assay
The in vitro ubiquitin ligase assay was carried out as described previously [5] , except that a FLAG-tagged, diSUMO2-GST fusion protein was used as the substrate for detection of STUbL activity. For each reaction, 1 μg of ubiquitin, 2 μg of E1, 2 μg of E2 and 0.4 μg of FLAG-diSUMO2-GST were mixed in 25 μl of reaction buffer [50 mM Tris/HCl (pH 7.5), 5 mM MgCl 2 , 1 mM DTT and 5 mM ATP] and incubated for 1 h at 30
• C. The reaction was terminated by the addition of 2 × SDS/PAGE sample buffer and ubiquitylation was visualized by anti-FLAG (M2, Sigma) immunoblotting.
RESULTS AND DISCUSSION
The RNF4 RING domain adopts a dimeric structure Isolated RING domains often retain the E3-ligase activity of the parent protein. Therefore, to characterize ubiquitin transfer by RNF4, we initially identified the minimal domain that was able to promote auto-ubiquitylation of RNF4 ( Figure 1A and Supplementary Figure S1 at http://www.BiochemJ.org/bj/431/ bj4310023add.htm). All deletion constructs studied promoted the efficient auto-ubiquitylation of RNF4, indicating that the purified RING domain (residues 124-194) was an active E3 ligase. We determined the crystal structure of the RING domain at 1.8 Å (1 Å = 0.1 nm) using the multiple anomalous dispersion method and scattering from the zinc ions ( Figure 1B and Supplementary Figure S2C) , only the dimer was observed, indicating that the dimer predominates in solution and is the biologically relevant structure ( Figure 1B Figure 1C ) [16, 17] . The main difference between the three RING dimer structures is due to the distinct conformation of residues N-terminal to the RING domain. As a consequence, the dimer interface is considerably smaller in RNF4 (∼ 550 Å 2 compared with ∼ 1000 Å 2 ). The RNF4 dimer interface predominantly comprises residues in the first two β-strands (e.g. Ile 153 , Ser 155 and Val 161 ) that are part of the core RING domain, as well as residues in the third β-strand (e.g. His 190 and Ile 192 ) that is immediately C-terminal to the core RING domain ( Figures 1D and 2A ). In addition to hydrophobic contacts, the side chains of Ser 155 and His 190 are involved in a small network of hydrogen bonds ( Figure 2B ). Of the residues Nterminal to the RING domain, only Val 134 packs closely. Despite differences in the size of the dimer interface, the minimal RING domain from RNF4 interacts in a similar manner to those of cIAP2 and MDM, suggesting that other RING domains that have a C-terminal location will form comparable dimers.
The sequences of the RING domains from the yeast RNF4 homologues, Rfp1 and Rfp2 ( Figure 1D ), are similar to that of RNF4 and the C-terminal residues are conserved. As a consequence, it is likely that the RING domains of these proteins adopt a similar structure to the RNF4 RING domain, with the 
1 A weak interaction between E2∼Ub and some mutants may not be detected because of the limits of the GST-pull-down assay utilized. 2 M* predominantly monomeric (monomer = 8-9 kDa, observed 11.1 kDa). D* predominantly dimeric (dimer = 17.9 kDa, observed 15.9 kDa). 3 Longer forms of purified I153E were unstable. Close-up view of the dimer interface viewed from above relative to (A). In addition to the contact residues, those residues involved in the hydrogen-bonding network are shown as sticks (green). (C) Samples of the indicated RING-domain mutant proteins were separated on a Superdex S75 column, which was coupled to a MALLS detector. The refractive index profile and the calculated mass are shown for each. The calculated mass of the RING domain monomer is 7.8 kDa. WT, wild-type.
C-terminal residues having an important role in dimer formation as suggested previously [5] . Nevertheless, their binding partner, Slx8, has a more extended C-terminus that is likely to be solventaccessible and the conformation adopted by these residues is uncertain.
RING dimerization is required for efficient ubiquitin transfer
To identify features of the RNF4 RING domain that are important for ubiquitin transfer, we generated a number of point mutants.
First we mutated residues that were likely to be important for E2 recruitment. Residues in the RING domain of RNF4 that are predicted to be required for functional interaction with the E2 UbcH5b were identified based on overlay of the RNF4 RING homodimer with the cIAP2 RING-UbcH5b complex structure ( Figure 1C ) [16] . Based on this comparison, Met 140 , Asp 141 and Arg 181 in the RING domain, which are predicted to contact UbcH5b, were mutated to alanine. The second set of mutants was focused on understanding the role of the C-terminal residues that we had previously shown were required for the biological activity of RNF4 [5] . We deleted three residues from the Cterminus ( C3) or mutated single residues in the C-terminal extension that lies beyond the RING domain (e.g. Y193A) because similar mutants in cIAP proteins abrogate activity [16] . Lastly, we also made mutations that we expected would disrupt dimerization, but not affect the C-terminal tail (e.g. V161A, V134A/E, I153A/E, S155A/E) (Figures 2A and 2B ). These mutants were generated because previous analysis of the MDM RING domains suggested that, although the C-terminal residues were important for dimerization, they might also directly affect E3-ligase activity [16] [17] [18] .
Initially we evaluated the ability of the dimer-interface mutants to form a stable RING domain dimer. For some mutants we determined their oligomeric state by separating them on a size-exclusion column that was coupled to a MALLS detector ( Figure 2C ), whereas for others we compared their elution position relative to that of proteins that had been evaluated by MALLS (Supplementary Figures  S4A and S4B at http://www.BiochemJ.org/bj/431/bj4310023add. htm). The theoretical mass of the RNF4 RING domain is 7.8 kDa; the wild-type protein had an average mass of 17.9 kDa, indicative of a dimer. Mutation of the aromatic residue at the C-terminus (Y193A) rendered the protein monomeric, as did deletion of the three C-terminal residues ( C3), with both mutants having an observed average mass of ∼ 8-9 kDa. This indicated that the C-terminal residues are essential for dimer formation. Mutation of hydrophobic residues in the core had a variable effect on dimerization. Although the V161A, I153E and V134E mutants behaved as monomers, the V134A mutant had an average mass of 11.1 kDa, slightly larger than the monomer, indicating that it retained some ability to self-associate ( Figure 2C) . Moreover, when a comparable sample of the I153A mutant was analysed, it had an average mass of 15.9 kDa, suggesting that it was only slightly destabilized compared with the wild-type protein. Likewise, the S155A mutant behaved as a stable dimer, whereas the S155E mutant was monomeric. Thus mutation of the core dimer interface generated mutants of variable dimer stability. The oligomeric state of all mutants is summarized in Table 1 .
To assess the in vitro activity of these mutants, we carried out ubiquitin-ligase assays with an N-terminally truncated RNF4 protein ( SIM1, Figure 1A) . In an auto-ubiquitylation assay the wild-type protein readily promoted the formation of a ubiquitin ladder that depended on the availability of E1 ( Figure 3A) . In contrast, the E2-interface mutant (M140A/R181A) which does not interact with the E2 (see Figure 3C ) did not promote the formation of a ladder. Other mutants, such as I153A, V134A and S155A, retained significant E3-ligase activity and were comparable with the wild-type protein. In contrast, the monomeric C-terminal tail mutants, Y193A and C3, were inactive, whereas the monomeric dimer-interface mutants, V161A, V134E and S155E, had significantly reduced E3-ligase activity. These results showed that E2 recruitment and an intact C-terminal tail are required to support ubiquitin transfer, and suggested that high-level activity depends on the RING domain retaining the capacity to dimerize.
Figure 3 Ubiquitin discharge and transfer depend on RING dimerization
(A) Auto-ubiquitylation assays using SIM1 (residues 47-194) mutant proteins and the E2, UbcH5b. Mutants are grouped by function. (B) Ubiquitin-discharge assay using the SIM1 mutant proteins and the UbcH5∼Ub conjugate that was prepared using UbcH5b with an active-site mutation (C85S). Reactions were incubated in a Mes buffer at 37 • C, and samples were taken after 3 h and 6 h. Mutations within the C-terminal tail (Tail) or E2 interface (E2) are indicated. (C) Interaction of the UbcH5b∼Ub conjugate with wild-type and mutant RNF4 RING domain proteins was assessed using a GST-pull-down assay. Samples were incubated in 1 × PBS for 1 h at 4 • C. Proteins in all panels were detected by staining with Coomassie Blue. The molecular mass in kDa is indicated on the left-hand side. WT, wild-type.
RING dimerization destabilizes the thioester bond in preparation for catalysis
In an effort to further dissect the role of the C-terminal tail and RING dimerization we utilized a ubiquitin-discharge assay to assess the ability of the RNF4-mutant proteins to activate the E2∼ubiquitin conjugate for transfer of ubiquitin to a target lysine. For this assay we utilized an oxyester E2∼ubiquitin conjugate that was prepared using the C85S mutant of UbcH5b. The oxyester conjugate is stable in the absence of the RING domain, but, although activity is slowed, addition of active E3 ligases promotes hydrolysis of the oxyester bond as measured by the appearance of free E2 and ubiquitin ( Figure 3B, lanes 1 and 2) . Consistent with their ability to efficiently promote auto-ubiquitylation, the wildtype protein, as well as the S155A, I153A and V134A mutants, which all had some ability to self-associate, resulted in appreciable discharge of ubiquitin ( Figure 3B ). The ability of the monomeric dimer-interface mutant proteins (V134E, V161A and S155E) to promote ubiquitin discharge was diminished and paralleled their ability to support auto-ubiquitylation. In contrast, the C-terminal mutants and the disruptive E2-interface mutant (M140A/R181A) did not promote discharge, indicating that E2 recruitment and the C-terminal residues have an essential role. These results suggest that the RING domain influences the stability of the oxyester bond between the E2 and ubiquitin. Moreover, dimeric RING proteins have a destabilizing effect on the oxyester bond compared with their monomeric counterparts.
Binding of the E2∼ubiquitin conjugate to the RING domain does not correlate with activity
Because the monomeric dimer-interface mutants (V134E, V161A and S155E) had a low level of activity in both the autoubiquitylation and ubiquitin-discharge assays we wondered whether the decreased activity of these mutants resulted from a diminished ability to bind to the UbcH5b∼ubiquitin conjugate. To investigate the importance of E2 recruitment for activity we assessed the ability of the UbcH5b∼ubiquitin conjugate to bind the mutant RNF4 proteins in a GST-pull-down assay under conditions where minimal discharge occurred ( Figure 3C ). An interaction between wild-type RNF4 and the conjugate was readily detected, whereas there was no detectable interaction with the disruptive E2-interface mutant (M140A/R181A), and binding to the D141A mutant was significantly reduced. All of the highly active mutant proteins appeared to bind the conjugate as efficiently as the wild-type protein. In contrast, the monomeric dimerinterface mutants exhibited a variable ability to interact with the conjugate. For example, the monomeric V134E mutant appeared to bind the UbcH5b∼ubiquitin conjugate tightly, whereas the V161A and S155E mutants had diminished, but detectable, binding. Likewise, interaction of the E2∼ubiquitin conjugate with the C-terminal tail mutants was reduced. These results suggest that E2∼ubiquitin recruitment does not correlate well with activity. Notably, the D141A mutant is highly active, but has a reduced affinity for the conjugate, whereas some inactive monomeric mutants still bind tightly to the conjugate.
RING dimerization is required for in vivo function
Taken together the in vitro experiments suggest that the ability to promote ubiquitin discharge and auto-ubiquitylation are highly correlated, and that both activities depend on the integrity of the E2 interface and C-terminal tail, with a stable RING-domainmediated dimer required for full activity. To determine whether the C-terminal residues or RING-mediated dimerization of RNF4 is important in a physiological paradigm, we took advantage of a fission yeast mutant strain lacking the RNF4 homologues Rfp1 and Rfp2. The Δrfp1Δrfp2 double-mutant has a severe growth defect that can be compensated for by ectopic expression of Rfp1, Rfp2 or RNF4 alone [5] . We used a plasmid shuffle method to displace an Rfp2-expressing plasmid with a plasmid carrying RNF4 or its mutant forms, in the Δrfp1Δrfp2 background. The growth of the resulting strains (5-FOA-resistant colonies) reflected the activity of RNF4 in a biological context ( Figure 4A ). For example, as expected, wild-type RNF4 supported growth, but the inactive E2-interface mutant (M140A/R181A) did not. We predicted that if dimerization is essential for RNF4 function, (A) RING-domain-mediated dimerization is necessary for RNF4 to compensate the simultaneous loss of Rfp1 and Rfp2 in the fission yeast S. pombe. Wild-type and mutant RNF4 were tested for their ability to rescue the growth defect of the Δrfp1Δrfp2 double-mutant using a plasmid-shuffle assay. In addition to the RNF4-expressing plasmid, the Δrfp1Δrfp2 double-mutant strain also contained a plasmid expressing Rfp2 and ura4 + ; the latter plasmid supports normal growth regardless of the activity of the co-expressed RNF4 and is counter-selected by 5-FOA. Cells were plated at increasing dilutions on to EMM plates, or EMM plates containing 5-FOA, or 5-FOA plus 5 mM HU. (B) STUbL assay using diSUMO2-GST and full-length RNF4 mutant proteins as indicated. The diSUMO2-GST was FLAG-tagged and its ubiquitylation was detected using an anti-FLAG immunoblot. The molecular mass in kDa is indicated on the left-hand side. WT, wild-type.
the monomeric mutants should lack activity in vivo. Indeed, like wild-type, the S155A, I153A and V134A mutants, which had significant ubiquitin discharge and E3-ligase activity (Figure 3 ) and retained the ability to self-associate, supported yeast growth even under conditions of genotoxic stress induced by growth in the presence of HU (5-FOA+HU). In contrast, the C-terminal mutants (I192A, Y193A, Y193M, I194A) and the dimer-interface mutants (S155E, V134E and V161A) that behaved as monomers and had no, or diminished, in vitro E3-ligase activity ( Figure 3A) , functioned poorly in yeast under both normal growth conditions and in response to genotoxic stress ( Figure 4A ). These results suggest that, although the monomeric mutants that have a wildtype C-terminus can support low level ubiquitin discharge and transfer in vitro, RING dimerization is required for RNF4 function in vivo.
To investigate whether the ability of RNF4 to function in a cellular context depends on its ability to target SUMO for ubiquitylation, we assessed the STUbL activity of bacterially expressed full-length RNF4 proteins [5] . This experiment clearly establishes a critical role for all of the C-terminal residues in ubiquitylation of SUMO-containing substrates ( Figure 4B) . Likewise, the monomeric mutants V134E and V161A are inactive, consistent with their inability to function in the yeast complementation assay. Only the V134A mutant that supports yeast growth and appeared to form dimers of modest affinity retained some ability to promote the ubiquitylation of a tandem (di-) SUMO repeat substrate ( Figure 4B ). We suggest that the E3-ligase activity of full-length V134A RNF4 may be further promoted in a cellular context by intracellular interactions, thus causing a nearly wild-type phenotype in the growth assay ( Figure 4A ). For example, in vivo, a polySUMO chain or other protein, may provide a platform that leads to high local concentrations of RNF4 that favour dimerization.
Concluding remarks
Our analysis of the structure and function of RNF4 indicates that RING dimerization and E2 recruitment are important for its E3-ligase activity and for the normal biochemical and physiological functions of RNF4 (summarized in Table 1 ). As a consequence, disruption of either E2 recruitment or RING dimerization inactivates the E3-ligase activity of RNF4. Moreover, activity correlates with the apparent strength of the RING-mediated dimer (see model in Figure 5 ). Our results also suggest that, in addition to stabilizing RING dimerization, the C-terminal residues may have another role, because the monomeric mutants that disrupt the dimer interface retain some in vitro activity, but those that disrupt the C-terminal residues are inactive ( Figure 5 ). Although a full understanding of the role played by the C-terminal residues remains uncertain, this observation is consistent with analysis of the RING domains from MDM2 and MDMX, which showed that mutation of the C-terminal residues disrupted ubiquitylation of the substrate, p53, but not MDM oligomerization [18] .
Ubiquitin transfer from the E2 to the target lysine requires that the thioester bond is susceptible to attack by the incoming lysine residue. Our analysis of mutant RNF4 proteins suggests that RING dimerization destabilizes the E2∼ubiquitin conjugate so that ubiquitin transfer is favoured. This suggests that the RING domain actively contributes to ubiquitin transfer rather than just having a scaffolding role, whereby it increases transfer simply by simultaneously binding substrate and E2. Uncertainty has surrounded the role of RING domains in ubiquitin transfer because, as we observed, tighter E2 binding does not always correlate with increased activity (Figure 3) [1, 16, 19] , and not all RING-E2 complexes promote transfer, indicating that proximity of the E2∼ubiquitin conjugate to the substrate is insufficient for activity [20, 21] . In the present paper we suggest that, although interaction with the E2∼ubiquitin conjugate is required for activity, interaction between the RING domain and the E2 does not regulate the E3-ligase activity of the RNF4, instead the highly specific dimerization event regulates ubiquitin transfer by altering the stability of the thioester bond.
It remains uncertain how RING dimerization destabilizes the conjugate. Others have suggested that a RING-induced conformational change within the E2 is important for E3-ligase activity [1] and residues in the E2 that connect the E3-binding site with the catalytic centre have been identified [22] . In addition, comparison of the cIAP2 RING structure in the presence and absence of the E2 UbcH5b revealed small differences in the conformation of the C-terminal residues at the RING dimer interface [16] . However, the mechanism by which RING dimerization promotes changes in the E2 that trigger ubiquitin transfer remains unclear, and it is possible that the more rigid RING dimer stabilizes an E2∼ubiquitin thioester conformation that favours catalysis. Further structural data will be required to distinguish these possibilities. 
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EXPERIMENTAL Crystallization and structure solution
Following collection of data at beamline PX-2 at the Australian Synchrotron, data were integrated using the program package XDS [1] . Scaling and processing were carried out using the CCP4 V6.1.1 program suite [2] . Phase calculation was carried out using the autoSHARP software interface. Four zinc atom sites were located using SHELXD [3] . Solvent flattening was carried out in SOLOMON [4] resulting in electron density maps that were of sufficient quality to allow manual building of an initial model using COOT [5] . The initial model was refined against the remote dataset using REFMAC V5.5.0072 [6] , followed by iterative cycles of manual model rebuilding and refinement using a weighting of 0.3 between X-ray and geometry terms as well as NCS (non-crystallographic symmetry) restraints. Data processing and final refinement statistics are presented in Supplementary Table S1 . Interface analysis was carried out using PISA as implemented at the EBI website [7] and structure Figures were generated using PyMOL (DeLano Scientific; http://www.pymol.org). 
